where it is one of the factors that maintain the balance During apoptosis, one of the first membrane changes between cell proliferation and cell loss [1] [2] [3] . In many that can be detected is exposure of phosphatidylserine neoplasms, this balance is lost, partly as a result of residues at the outer plasma membrane leaflet, while changes in the apoptotic process [2, [4] [5] [6] . In contrast early apoptosis is also accompanied by changes in the to cell death due to oncosis, a form of cell death accomcytoskeletal organization. In this study we investi-panied by cellular swelling, blebbing, and increased gated the relationship between these two phenomena membrane permeability [7] , the apoptotic process does during olomoucine-and roscovitin-induced apoptosis not elicit an inflammatory response, nor does it damage in human lung cancer and neuroblastoma cell lines. adjacent cells [1] . -dependent endonuclease activation, and conkeratin and vimentin aggregation in early apoptosis occurs simultaneously with phosphatidylserine expo-denses into peripheral granular caps. The apoptotic sure and chromatin condensation. In contrast to these plasma membrane shows several changes, such as loss intermediate filament proteins, which were disassem-of sialic acid residues from membrane glycoproteins and bled and proteolytically cleaved in early apoptosis, mi-loss of microvilli and cell-cell junctions [3, 8] . Eventucrofilaments and microtubuli were not proteolytically ally, the cell surface forms buds, resulting in the formadegraded but were found to be present as aggregated tion of apoptotic bodies, that are recognized and phagofilaments in the apoptotic bodies. We also show that cytozed by macrophages or neighboring cells [3] .
INTRODUCTION
used to detect apoptosis in vital, nonfixed cells by allowing FITC-labeled annexin V to bind to PS, which Apoptosis is a genetically programmed and physiois exposed at the outer membrane leaflet [10] [11] [12] . logical mode of cell death, which plays an important Changes in the cytoskeletal organization have been role in morphogenesis and normal tissue remodeling, described to occur during apoptosis [4, 13] . Recently, Tinnemans et al. [14] showed that in apoptotic cells 1 To whom correspondence and reprint requests should be ad-cytokeratin filaments aggregate at an early stage of the dressed at Department of Molecular Cell Biology and Genetics, process, while at a later stage the cytokeratin skeleton University of Maastricht, P.O. Box 616, 6200 MD Maastricht, The is degraded. Pittman et al. [15] and Ireland et al. [16] Netherlands. Fax: /31-43-3670948. E-mail: bert.schutte@molcelb. unimaas.nl.
claimed that reorganization of microtubules might be dissolved in dimethylsulfoxide (DMSO); the final DMSO concentraan integral part of the apoptotic process and activationtion in the medium was 0.2%. Mock-treated cultures received 0.2% induced apoptosis results in proteolytic cleavage of fo-DMSO. At various periods of time, cells were harvested by collecting drin, probably catalyzed by calpain [17] . Guénal et al. both the floating and the adherent cells. [18] reported that during an early stage of apoptosis Cytokeratin filament disruption in MR65 cells was induced according to the method of Tölle et al. [23] . Briefly, phorbol 12-myristate actin mRNA levels decrease, followed by proteolytic 13-acetate (PMA; Sigma, St. Louis, MO) was added to the culture cleavage of actin. medium for 1 h at a final concentration of 0.15 mM. The cells were Indications for a relationship between membrane subsequently incubated in cold phosphate-buffered saline (PBS, pH lipid asymmetry and cytoskeletal alterations came 7.4) for 1 h. Aminophospholipid exposure was achieved by incubating from studies with platelets and erythrocytes. Verhallen exponentially growing MR65 cells with N-ethylmaleimide (NEM; Sigma) for 1 h at a final concentration of 5 mM [24] . et al. [19] showed that a correlation exists between calpain-mediated cytoskeletal breakdown and expresAntibodies sion of platelet procoagulant activity, suggesting involvement of the cytoskeleton in the maintenance of
The following primary monoclonal antibodies were used: (1) Monoclonal antibody RCK102 (1:5 dilution for immunocytochemismembrane lipid asymmetry. Recently, Buja et al. [20] show that intermediate filament disruption and PS ex-immunocytochemistry), directed against bromodeoxyuridine [27] . posure occur simultaneously during early apoptosis, As secondary antibodies R-phycoerythrin (RPE)-conjugated Fab 2 but provide evidence for the fact that both phenomena fragments of goat anti-mouse immunoglobulins (DAKO A/S, Glostrup, Denmark, 1:10 dilution), Cy3-conjugated goat antiare unrelated, since induction of loss of membrane mouse immunoglobulins (Jackson ImmunoResearch Laboratories, asymmetry alone does not result in disassembly of the Inc., West Grove, PA, 1:500 dilution), FITC-conjugated streptavicytoskeleton, while on the other hand, specific destruc-din (DAKO A/S, 1:100 dilution), FITC-conjugated Fab 2 fragments tion of the cytoskeletal structures does not result in PS of rabbit anti-mouse immunoglobulins (DAKO A/S, 1:100 dilution), exposure at the outer surface of cells.
and Texas Red-conjugated Avidin (Vector Laboratories, Burlingame, CA) were used. All the antibodies were appropriately diluted in PBS containing 1 mg/ml bovine serum albumin (BSA, Sigma).
MATERIALS AND METHODS
As negative control an irrelevant monoclonal antibody (IIB5) was used instead of the primary antibody in an exponentially growing Cell Culture cell culture. The human non-small-cell lung cancer cell line MR65, a kind gift from Dr. Gropp (Philips Universitä ts Klinik, Marburg, Germany), Annexin V Labeling was grown as a monolayer cultured in Eagle's modified minimal To detect PS exposure, annexin V-biotin or annexin V-FITC essential medium (EMEM, Gibco, Paisley, Scotland) supplemented (APOPTEST-BIOTIN and APOPTEST-FITC), NeXins Research with 1% Hepes (Gibco), 10% newborn calf serum (Gibco), 1% L-gluta-B.V., Hoeven, The Netherlands) was incubated with the cells, as mine (Serva, Heidelberg, Germany), 1% nonessential amino acids described elsewhere [28] . Briefly, 5 mg/ml labeled annexin V was (Gibco), and 0.1% gentamycin (AUV, Cuyk, The Netherlands). The added to the vital culture medium. After incubation for 3 min at human neuroblastoma cell line CHP212 [21] was cultured in Dulbecroom temperature the supernatant was collected and the detached co's modified Eagle's medium (Gibco) supplemented with 1% L-glutacells were rinsed twice with culture medium. The adherent cells were mine (Serva), 10% newborn calf serum (Gibco) and 0.1% gentamycin rinsed twice with culture medium and were harvested by scraping (AUV). Cells were grown for 16 h in a 25-cm 2 cell culture flask (Costar with a rubber policeman. For staining in suspension, the detached Europe Ltd., Badhoevedorp, The Netherlands) and were harvested and adherent cell fractions were pooled. Cells grown on glass slides by scraping in culture medium using a rubber policeman. In some were labeled with annexin V-biotin for 3 min and were rinsed before experiments, cells were grown for 16 h on 8-well glass slides (Nutafixation in 100% methanol. con, Schiphol-Oost, The Netherlands), coated with 35 mg/ml rat tail collagen.
Immunocytochemistry Treatment of the Cells
Cells growing on glass slides. After the annexin V incubation step, slides were fixed for 5 min in cold methanol (020ЊC), rinsed in Apoptosis was induced by treating exponentially growing MR65 and CHP212 cells with 200 mM olomoucine [22] or 50 mM roscovitin PBS, and subsequently incubated with the primary antibodies for 1 h at room temperature in the dark. After two washing steps with added to the cell culture (generous gifts of Dr. L. Meyer, C.N.R.S., Station Biologique, Roscoff, France). Olomoucine and roscovitin were PBS, the primary antibody was visualized by incubating the slides with Cy3-conjugated goat anti-mouse immunoglobulins or FITC-conused. Then an equal volume of SDS-sample buffer [29] was added and the samples were boiled for 5 min. jugated rabbit anti-mouse immunoglobulins for 1 h at room temperature. Annexin V binding was visualized by incubating the slides with One-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with extracts of 40,000 cells per lane was FITC-conjugated streptavidin or Texas Red-conjugated avidin. Finally the slides were embedded in glycerol/1,4-diazobicyclo(2,2,2)oc-performed according to Laemmli [29] using gels containing 10% polyacrylamide (Bio-Rad Laboratories, Hercules, CA) and 0.1% SDS tane (DABCO) (9 parts of glycerol, 1 part of 0.2 M Tris-HCl, pH 8.0, 0.02% NaN 3 , and 2% DABCO pH 8.0) containing 0.5 mg/ml 4,6-(Merck). Gels were run on the Mini-protean II system (Bio-Rad Laboradiamidino-2-phenylindole (DAPI, Sigma).
tories) for approximately 45 min at 200 V. Cell suspensions. Annexin V-labeled cells in suspension were
For Western blotting, the method described by Towbin et al. [30] fixed for 5 min in cold methanol, pelleted, washed with PBS/BSA, was used. Transfer was performed in blotting buffer (192 mM glycine, and incubated with the primary antibody for 1 h at room temperature 25 mM Tris, 20% methanol) for 1 h at 100 V. The nitrocellulose in the dark. After two washing steps with PBS/BSA, these cell susmembranes (Schleicher & Schuell, Dassel, Germany) were incubated pensions were incubated with RPE-conjugated goat anti-mouse imwith the primary antibody against actin, tubulin, vimentin, and cytomunoglobulins and FITC-conjugated streptavidin for 1 h at room keratin. Actin and tubulin detection was performed using alkaline temperature in the dark. Finally, the cells were stained with propidphosphatase and NBT/BCIP detection using 0.41 M nitroblue tetraium iodide (PI, final concentration 5 mg/ml) and analyzed by flow zolium (Sigma) and 0.45 mM 5-bromo-4-chloro-3-indolyl phosphate cytometry.
(Sigma).
Cytokeratin detection was performed using alkaline phosphatase Flow Cytometry and enhanced chemiluminescence (ECL-kit, Amersham, Bucks., UK). RX Fuji Medical X-ray films (Fuji, Tokyo, Japan) were used for For flow cytometric analysis a FACSort (Becton-Dickinson, San the visualization of the luminescent signals. Detection of vimentin Jose, CA) equipped with a single argon ion laser was used. The was performed using peroxidase and TMB detection using the exciting light was 488 nm and the emission filters were 515-545 bp method of Speel et al. [31] , modified for protein detection on blots. (green; FITC), 572-588 bp (orange; phycoerythrin), and 600 bp (red; PI). Data of a minimum of 10,000 cells per sample were stored in list mode. Electronic compensation was used to eliminate bleed (Fig. 1a) and tubulin immunoreCells on glass slides were analyzed using the MRC 600 confocal activity was retained in both cell lines, and almost no scanning laser microscope (Bio-Rad, Hemel Hempstead, UK), actin-and tubulin-negative cells were observed. Howequipped with an air-cooled argon-krypton mixed-gas laser and mounted onto an Axiophot microscope (Zeiss, Oberkochen, Gerever, all the annexin V-positive apoptotic cells showed many). The laser scanning microscope was used in dual-parameter an aberrant staining pattern, with aggregated actin setup, according to the manufacturer's specification, using dual-and tubulin found to be included in the apoptotic bodwavelength excitation at 488 and 568 nm. Emission spectra were ies. In contrast to the microtubules and microfilaments, separated by the standard sets of dichroic mirrors and barrier filters.
All scans were recorded in photon counting mode. In order to record vimentin filaments (Fig. 1b) were disassembled into DAPI fluorescence, mercury arc illumination was used.
dot-like aggregates in the annexin V-positive, apoptotic CHP212 cells. In order to investigate whether this dot- In order to quantify cytoskeletal antigen expression fraction is 34%, and the annexin V-positive/cytokeratin-negative fraction is almost the same (33%). of apoptotic cells in time, we performed multivariate flow cytometric analyses at 1-h time intervals. Prior to A significant number of cells were damaged during the scraping procedure that was used to harvest the fixation, a portion of the cells was labeled with annexin V-FITC and PI in a vital assay. This assay revealed cells for flow cytometry. This explains the high number of double-negative cells (approximately 25%) in the that after 6 h of induction approximately 90% of the annexin V-positive apoptotic cells were PI negative, in-control and in the induced cell cultures. The complete results of the time-course analysis are summarized in dicating that the plasma membrane integrity was still intact at this stage of the apoptotic process. The other Fig. 3 .
Western blotting was used to study the breakdown of part of the cell culture was labeled with biotinylated annexin V, harvested, and fixed for 5 min, prior to im-cytoskeletal proteins in apoptosis. These experiments (Fig. 4) showed that after roscovitin treatment of munocytochemistry. The numbers of (a) annexin V-positive/cytoskeleton-positive, (b) annexin V-negative/ CHP212 and MR65 cells, no clear quantitative changes in actin (43-kDa band) and tubulin (58-kDa band) procytoskeleton-negative, (c) annexin V-positive/cytoskeleton-negative, and (d) annexin V-negative/cytoskele-teins could be detected compared to the control cultures and no degradation products were present (Figs. 4a ton-positive cells were quantified as function of time after induction of apoptosis by olomoucine. Figure 2 and 4b) . In contrast, cytokeratin (Fig. 4c) and vimentin ( Fig. 4d ) degradation was observed in MR65 and shows the cytograms of annexin V (x-axis) and actin immunofluorescence (y-axis) of control CHP212 cells CHP212 cells, respectively, with clear degradation products of approximately 48 and 46 kDa in addition (Fig. 2a) and after 6 h of olomoucine treatment (Fig.  2b) . The majority of cells (77%) in the control culture to the intact 53-kDa cytokeratin 8 and two vimentin degradation products of 50 and 43 kDa in addition to is positive for actin and negative for annexin V. In this control culture only 1-2% of the cells was positive for the control band of 57 kDa.
In order to investigate whether intermediate filaannexin V; these cells represent the spontaneous apoptotic cells. After 6 h of olomoucine induction, several ment disruption inevitably leads to PS exposure, cytokeratin aggregation was induced by treating MR65 (13%) annexin V-positive/actin-negative cells were observed, and although part of the cells lost some immu-cells with PMA. After 1 h of incubation, cells were treated with cold PBS and stained for the presence of noreactivity, the majority of the annexin V-positive cells is also positive for actin immunofluorescence cytokeratin and PS. Figure 5a shows a confocal scanning laser microscopy image of a cell with disassembled (32%). Tubulin protein expression in apoptosis shows slightly different kinetics. After 6 h of olomoucine in-cytokeratin filaments, similar to the pattern observed in apoptotic cells. This cell, however, did not show duction (Fig. 2d) 25% of the cells is annexin V positive/ tubulin positive, while 26% appears annexin V positive/ annexin V binding. Conversely, to investigate whether artificial PS exposure leads to cytokeratin filament distubulin negative. The same results regarding actin and tubulin immunofluorescence were obtained with the ruption, we treated MR65 cells for various periods of time with NEM, thereby inhibiting, among others, the MR65 cell line (data not shown).
Analysis of the intermediate filament protein vimen-aminophospholipid translocase activity. PS exposure of the outer plasma membrane leaflet was rapidly intin in the CHP212 cell line (Figs. 2e and 2f ) revealed that only a small population of annexin V-positive/vi-duced, showing maximal levels of staining after half an hour of treatment with NEM. These cells have an mentin-positive cells (18%) could be observed after 6 h of olomoucine induction. On the other hand, the intact cytoplasmic membrane, since they do not take up PI (data not shown). The confocal scanning laser covitin. Administration of these cyclin-dependent kinase inhibitors increased the number of apoptotic cells in microscopy analysis of these NEM-treated cells shows that an annexin V-positive interphase cell expresses a these cell lines within a few hours, resulting in dramatic changes in the cytoskeleton filaments. The distribution normal filamentous cytokeratin network (Fig. 5b) . These observations were confirmed by bivariate patterns of these cytoskeletal structures in the induced apoptotic cells were identical to the staining patterns annexin V/cytokeratin flow cytometric analysis of observed in spontaneously occuring apoptotic cells. This NEM-treated cells (data not shown).
indicates that the changes observed in the drug-treated cells are not artificial. Furthermore, the cytokeratin DISCUSSION staining patterns strongly resembled those seen after In this study we examined loss of membrane phospho-induction of apoptosis by cycloheximide [14] , indicating lipid asymmetry and cytoskeletal changes during apop-that these changes are independent of the mode of intosis and a possible causal relationship between these duction of apoptosis. two phenomena in human tumor cell lines. In these cell When apoptotic cells were characterized on basis of nuclear morphology, all cells showing the characteristic cultures apoptosis was induced with olomoucine or ros- pattern of chromatin condensation also showed affinity cells with no loss of membrane integrity, and did not see actin proteolysis. It is possible that actin proteolysis for annexin V, indicating that these cells have exposed PS on their outer membrane leaflet (see also [28] ). In in our model system occurs only in very late stages of apoptosis. It also might be possible that actin proteolythe present study, we show a correlation between loss of membrane asymmetry, on the one hand, and aggrega-sis in apoptosis is a cell system-and/or apoptosis induction system-dependent event, as also holds true for tion and subsequent degradation of intermediate filaments and reorganization of microfilaments and micro-DNA degradation into oligonucleosomal fragments. A third possibility is that although actin contains cleavtubules, on the other hand. In the cells grown on glass slides the majority of the apoptotic cells showed aggre-age sites for ICE-like proteases, actin is only degraded in in vitro systems and not in vivo in human cells due gated intermediate filament staining patterns and redistribution of actin and tubulin, but almost no cytoskele-to lack of access of the proteases to actin or due to the presence of other factors that prevent degradation [35] . tal-negative cells were observed. By flow cytometric analysis, however, a significant portion of the annexin An apparant discrepancy between the results obtained by Western blotting and flow cytometry exists. V-positive apoptotic cells appeared negative for cytoskeletal filaments. An explanation for this discrepancy is Although we observed a substantial fraction of both tubulin-and actin-negative apoptotic cells using flow that many of the cells which are further downstream in the apoptotic process and which have lost their cytoskel-cytometry, Western blotting did not indicate proteolytic cleavage of both molecules, i.e., appearance of specific etal filaments detach from the glass slides during the washing procedures and thereby escape from observa-breakdown products or loss of staining intensity. This apparent discrepancy might be explained by selective tion. In contrast, for flow cytometric analyses, both adhering and floating cells were harvested quantitatively. loss of small, possibly monomeric actin and tubulin molecules during staining in suspension. In contrast, As reported by others [13, 15, 16] we found that actin and tubulin organization showed gross alterations, but intermediate filament degradation, as we observed for vimentin and cytokeratin filaments, seems to be a genwe could not detect proteolytic cleavage products in apoptotic cells with the antibodies we used. Very re-eral event during early apoptosis. This fact is supported by recent observations made by Lazebnik et al. [36] , cently, Guénal and co-workers [18] reported that late in apoptosis actin is cleaved in a rat embryo fibroblast Neamati et al. [37] , and Oberhammer et al. [38] , who showed in several cell systems that other members of system infected with a temperature-sensitive SV40 mutant and a temperature shift induction system. the intermediate filament protein family, i.e., the nuclear lamins, are degraded by an ICE-like protease in Brown et al. [32] as well showed that actin is cleaved in an N-terminal region during constitutive apoptosis parallel with chromatin condensation during apoptosis. Furthermore, Rao and co-workers identified spein neutrophils. It has also been demonstrated that actin is a substrate for the proapoptotic cysteine protease cific lamin cleavage sites for ICE-like proteases [39] .
Degradation of cellular proteins by proteases seems interleukin 1b-converting enzyme [18, 33] and for the activated form of CPP32/apopain [34] .
to be a common part of apoptosis and is likely mediated by members of the ICE and ICE-like family of proteIn our model system we studied predominantly cells in an early phase of apoptosis, i.e., annexin V-positive ases. Activation of these proteases is likely linked to the activation of proteases like calpain, cathepsins B Other evidence that no causal relationship between loss of membrane phospholipid asymmetry and cytoand D, and collagenase and proteins which are cleaved during apoptosis include poly(ADP-ribose) polymerase keratin degradation exists comes from our observations that in mitotic cells no PS exposure is seen (data not [40] , lamins [37] , topoisomerases I and II [41] , and histone H1 [42] .
shown), while depolymerization of lamin and vimentin proteins occurs. This depolymerization is due to hyperDisassembly of cytoskeletal proteins could also be caused by other mechanisms than proteolysis, as for phosphorylation of these substrates by cyclin-dependent kinases and not to proteolysis. example by (hyper)phosphorylation. It is known that cytokeratin and vimentin readily depolymerize into ag-
In conclusion, our results indicate differential degradation kinetics of several cytoskeletal components durgregates when phosphorylated [43] . It is also reported that phosphorylation of microtubule-binding proteins ing apoptosis. In early apoptosis we observed intermediate filament aggregation and proteolytic degradation inhibits the ability to stabilize and polymerize microtubules and that increased phosphorylation of actin-asso-and although actin and tubulin reorganization occurred, proteolytic cleavage of the microfilaments and ciated proteins leads to alterations in microfilament distribution [44] . In our model system, this possible microtubuli was not detected. We also conclude that PS exposure and cytokeratin degradation, which occur (hyper)phosphorylation is most likely not caused by cyclin-dependent kinases, due to the use of the almost simultaneously during early apoptosis, are independent processes. apoptosis inducers roscovitin and olomoucine, which are cyclin-dependent kinase inhibitors. Another candidate for protein phosphorylation in apoptosis is, for
